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ABSTRACT
SURFACE, SUBSURFACE AND THERMOPHYSICAL CHARACTERIZATION OF
SILICA-PALMITIC ACID NANOCAPSULES FOR THERMAL ENERGY STORAGE
APPLICATIONS
Sasanka Garapati, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. John Shelton, Thesis Director

Current limits in thermal energy storage capabilities utilized in concentrated solar power
plant applications are a critical challenge towards meeting future sustainable energy demands. A
key component in overcoming this challenge is through the enhancement of latent heats of fusion
characteristics in the thermal energy storage medium, which can increase storage energy density
while reducing operating costs. In this investigation, latent heats of fusion enhancement were
proposed through the use of nanoencapsulated phase change materials (PCM). Synthesized silicon
dioxide nanocapsule shells containing palmitic acid (PA) as the phase change material core with
varying core-to-shell mass ratios (1:1, 1:2, 1:4, 1:6) are investigated for their shell structural
stability, encapsulation ratio (R), encapsulation efficiency (E) and energy density storage during
phase transformation of the PCM core. Differential scanning calorimetry is used to determine the
effect of the fixed-volume nanocapsule shell on the latent heat of fusion, melting temperature and
heat capacity for the PA core. Dynamic light scattering technique is used to understand the size
distribution of the nanocapsules. Surface, sub-surface, and microstructural characteristics of the
nanocapsule are investigated using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR).
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CHAPTER 1
INTRODUCTION
1.1 What Is Thermal Energy Storage (TES)?
Thermal energy storage is the energy technology available to address the current
drawbacks in thermal energy applications like waste heat recovery, heat management of electronic
applications, increasing efficiency of concentrated solar power plants by improving the solar
thermal utilization, etc. Recently TES technologies gained a lot of research interest to utilize TES
techniques for thermal applications

[1]

. Thermal energy storage includes several different

technologies like sensible heat, latent heat and thermochemical energies selected based upon the
specific performance, application, and cost. Sensible heat storage provides a varying efficiency
between 50–90% depending on the specific heat of the storage medium and the thermal insulation
technologies used, whereas latent heat storage provides high storage capacity and efficiencies
between 75-90 % and thermo-chemical storage provides with efficiencies close to 100 % providing
good storage capacity and high operating temperatures

[2]

. In this research, our study is confined

to latent heat storage technique for TES using phase change materials and study and enhancement
of thermal, physical, and chemical properties of these materials for efficient thermal storage.
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1.2 Phase Change Materials (PCM)
Phase change materials or PCMs are the materials which possess the ability to absorb,
store and release thermal energy as latent heat of fusion at phase change temperature when there
is a phase transition [3]. Due to this property, phase change materials have attracted a lot of research
interest for use in thermal energy storage applications. Organic, inorganic and metals can be used
as phase change materials. Sensible heat is mostly used in many thermal applications for thermal
energy storage which have a few drawbacks like requiring large storage mediums and involving
high costs [4]. To minimize these drawbacks with sensible heat storage system for thermal energy
storage, latent heat storage using phase change materials for thermal energy gained research
interest to enhance energy storage density and reduced costs [5]. Compared to sensible heat, latent
heat provides higher energy storage density over a small temperature difference between storage
and release of heat [6].
There are certain limitations to use PCMs as thermal energy storage commercially. It is
difficult to extract the latent heat stored in liquid-phase PCM at required heat rates. The reason for
this is when the heat is extracted from the liquid-phase PCM due to its low thermal conductivity it
solidifies on the heat exchanger surface. This decreases the heat transfer and requires large heat
transfer area [6,7].
To obtain specified heat rate, either heat transfer area or the heat transfer coefficient must
be increased. Researchers have proposed a method trying to resolve this issue with PCMs i.e.,
encapsulation of PCM material inside capsules thus increasing the surface area [8]. These capsules
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are introduced into heat transfer fluids and are in direct contact with each other thus increasing the
heat transfer coefficient.
1.2.1 Nanoencapsulation of Phase Change Materials (PCMs)
Encapsulation of PCMs has advantages over PCMs because they are protected from the
external environment, reduce the reactivity of the PCMs with the outside environment as there is
no direct interaction, control the changes in the volume when the phase change occurs and increase
the heat transfer area

[9]

. The capsules have core and shell: the core material contains an active

substance and the shell material covers and protects this core material.
Microscale encapsulation with particle size in 1-1000 µm has been developed and applied
for many thermal energy applications. Microscale capsules have certain drawbacks like crushing
during pumping, increased fluid viscosity thus resulting in increased pumping power and due to
the bigger particle size, agglomeration is observed, the pipes are clogged, and particles cannot
withstand repeated thermal cycles [10,11].
Addressing these concerns, nanoscale encapsulation has gained considerable attention over
microcapsules. Nanocapsules have a high surface to volume ratio, a potential driving force for
thermodynamic processes

[11,12]

. Nanoencapsulated phase change materials possess size

characteristics that reduce the potential for increased laminar friction factors and large pressure
losses.
1.3 Motivation
Several researchers have done many unsuccessful trails to enhance the thermal energy
storage capacity and increase the heat transfer rates. To achieve this the area or geometry of the
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heat exchangers is increased, which increases the overall size of the system and increases the cost.
To overcome this problem and increase the heat transfer property a new heat transfer fluid called
nanofluid is introduced

[13]

. Nanofluid is a suspension of nanosized particles of metals, metal

oxides and carbon materials in base fluids. Thermal energy is stored as sensible heat in the
nanofluids to increase this energy storage capacity, so latent heat of the system can be utilized.
The motivation of this work is taken from work done by Terrafore Inc. [14] and Latibari [15] et al.,
who did lot of research to use latent heat for thermal energy storage by using encapsulation
technique.

1.4 Objective
•

Synthesis of nanoencapsulated phase change materials with different core-to-shell mass
ratios

•

Structural and thermal characterization of nanoencapsulated phase change materials

•

Investigate the effect of nanoencapsulation with different core-to-shell mass ratios on
•

Enthalpy of fusion (∆Hfusion)

•

Melting temperature (Tm)

CHAPTER 2
EXPERIMENTAL METHODOLOGY

2.1

Introduction
There are different methods for synthesis of nanocapsules; of all, emulsion polymerization

technique is one of the important methods employed for the synthesis process which can be further
divided into:
1) interfacial polymerization
2) in situ polymerization
3) sol-gel method
4) self-assembled methods
All the above synthesis procedures can be categorized under emulsion polymerization
involving an emulsion with oil and water phases undergoing hydrolysis and condensation reaction
for the synthesis process

[16]

. The procedure employed for the synthesis of nanoencapsulated

palmitic acid as core and silica as the shell in this research work is the sol-gel method which is a
three-step process.
2.2

Materials
Palmitic acid (C16 H32O2, 99% pure), tetraethyl orthosilicate (TEOS, 98%, SiC8H20O4), and

ethanol (C2H6O, 99.9%) were purchased from Sigma-Aldrich. Ammonium hydroxide (NH4OH),
sodium dodecyl sulfate (SDS, NaC12H25SO4), deionized water, acetone and toluene were
purchased from Carolina Biological.
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2.3 Preparation of Nanoencapsulated Palmitic Acid

2.3.1

Preparation of Silica Nanoparticles

Twenty milliliters (20 mL) of TEOS, a silica source, was added to 180 mL of absolute
ethanol and 54 mL of distilled water (Figure 1). The solution was mixed together by a magnetic
stirrer. The pH of this solution was maintained at pH~11 by adding ammonium hydroxide. After
30 min of stirring the sol solution is obtained which is a result of hydrolysis reaction of silica. This
sol solution is used as encapsulation precursor. Silica nanoparticles can be separated from the sol
solution by centrifugation [17].

Figure 1: Flow chart for preparation of sol solution.
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2.3.2

Preparation of Palmitic Acid Emulsion

SDS (0.4 g) was dissolved in 200 mL of 70oC of distilled water (Figure 2). Then 20 g of
palmitic acid (PA) was added and the solution was continuously stirred with a magnetic stirrer for
2 h, which resulted in the palmitic acid emulsion [17].

Figure 2: Flow chart for the preparation of PA emulsion.
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2.3.3

Preparation of Nanocapsules

The sol solution and PA emulsion were mixed together and stirred by a magnetic stirrer for
4 h at 70oC (Figure 3). After 4 h the emulsion was cooled to room temperature, washed with
distilled water, and centrifuged. The resultant white powder was collected and dried at 50oC for
10 h. It was washed again with toluene and centrifuged to remove the excess PA which was not
encapsulated. This white powder was dried at 50oC for 24 h. The resultant powder is
nanoencapsulated palmitic acid [17].

Figure 3: Flow chart for the preparation of nanocapsules.
2.3.4 Synthesis Mechanism of Nanocapsules
The nanocapsules with palmitic acid as core and SiO2 shell are synthesized. Shell is created
over the interface of oil-water emulsion (O/W) by sol-gel method. The flow chart of the synthesis
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process is shown above in Fig. 1, Fig. 2, and Fig. 3. An oil-water emulsion was prepared by adding
palmitic acid into water and surfactant SDS added as an emulsifier. Micelles of SDS are formed
over PA in the oil-water phase. The sol solution is prepared by adding TEOS, ethanol, and DI
water which acts as an encapsulation precursor. Ammonium hydroxide was used as a
polymerization initiator and catalyst for hydrolysis which leads to molecules of Si(OH)4.
According to the principle of concentration gradient, the polymerization and hydrolysis reactions
lead to the decrease of interfacial concentration of TEOS, which will cause the spontaneous
migration of TEOS from the internal to the interface of the oil phase and by assembling from
Si(OH)4 to SiO2 shell is successfully synthesized around PA micelle [18,19]. Sonication was used
to stabilize sol solution and PA emulsion. By changing the amount of TEOS in sol solution
different samples are made and are characterized. Table 1 shows the amounts taken to prepare the
samples.
Table 1: Core to Shell Ratios in the Nanocapsules
Sample

Palmitic Acid Core

TEOS

Core to shell Ratio

Mass (g)

Shell Mass (g)

S-0

0

18.8

0:1

S-2

10

9.4

1:1

S-4

10

18.8

1:2

S-6

10

37.6

1:4

S-8

10

56.4

1:6

CHAPTER: 3
CHARACTERIZATION TECHNIQUES
3.1 Scanning Electron Microscopy (SEM)
A scanning electron microscope is used to understand the morphological behavior of the
nanocapsules. SEM imaging technique has the capability to give magnified images at nanoscale
which allows us to analyze the morphology of the sample. SEM uses high-energy focused beams
of electrons on the surface of the sample. The signals that are obtained from the interactions of
electrons and atoms of the specimen gives the information of surface morphology of the sample.
3.1.1 Stage Preparation for SEM
We are happy to be associated with Argonne National Laboratory who provided us
access to their world class-facility. Figure 4 shows the image of Joel JSM-7500 F field emission
SEM which has been used for this research work. Sample preparation is done by loading
nanocapsule samples on the carbon tape and attached to an aluminum plate roughly of 1 in. by 1
in. in size. On the carbon tape, very small amount of sample which is to be tested is taken and
spread over the carbon tape making sure that the sample does not form clusters on the carbon
tape. This way the stage for SEM testing is prepared.
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Figure 4: Joel JSM -7500 F SEM.

3.2 Transmission Electron Microscopy (TEM)
TEM is an imaging technique in which a beam of electrons instead of light is transmitted
through the sample specimen, these electrons interact with atoms of the specimen as it passes
through and the images give information of the shell thickness of the nanocapsule. JEM-2100F
FETE microscope is used for TEM imaging in this research work. Nanocapsule samples are placed
in TEM sample holders and the samples are placed in TEM equipment for imaging.
3.3 Fourier Transform Infrared Spectroscopy (FTIR)
The chemical composition of the SiO2, palmitic acid and encapsulated palmitic acid are
studied using FTIR spectroscopy. Avatar 360, a mid-infrared spectrometer, is used to collect the
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FTIR spectra of the samples. KBr pellet sampling method with 32 scans is used to test the samples
and the testing is carried out in room temperature in a range of 400 -4000 cm-1. FTIR spectroscopy
works on the principle that the bonds in the molecules absorb the light in the infrared region of the
electromagnetic spectrum. In the process of testing the sample first the background IR spectrum is
collected and next the IR spectrum of the sample in place is collected; the ratio of spectrums of the
sample to the background gives the absorption spectrum of the sample. The spectrum obtained
corresponds to the spectral footprints of the bonds and the functional groups present in molecules.

3.3.1 Stage preparation for FTIR
Figure 5 shows the AVATAR 360 infrared spectrometer at NIU Chemistry and Bio
Chemistry Department used for analysis in this research work. The sample is prepared using KBr
pellet method. One to ten sample to KBr weight ratio is ground finely in mortar and pestle and the
fine mixture is placed in the sample holder. A load of 10 ton is loaded on
removed and placed in the FTIR equipment and analysis is carried out.

this holder and then
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Figure 5: AVATAR 360 infrared spectrometer.

3.4 Dynamic Light Scattering
Dynamic light scattering is used to the measure particle size distribution of nanoparticles
in suspension and measurement of diameter. Zetasizer Nano NS uses dynamic light scattering
technique to measure three characteristics: i.e., particle size, zeta potential and molecular weight
of particles in a suspension. For this research Zetasizer Nano NS is used for observing the particle
size distribution of the nanocapsules. The working principle used in the Zetasizer is when the
sample is illuminated with a laser beam the fluctuations in the intensities of the scattered light are
detected by the photon detector and converted into particle size distribution data.
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3.4.1 Sample Preparation for Testing
Figure 6 shows the Zetasizer Nano NS at NIU Mechanical Engineering department used in
this research work. For the analyzing the samples, nanofluids are prepared by dispersing the
prepared nanocapsules (S-2 to S-8) in the DI water chosen as a base fluid. For preparing nanofluids
nanocapsules are added by 1 % weight into DI water. For thorough mixing and stabilizing the
nanofluid, it is sonicated for 3 hrs, thus achieving a good dispersion of the particles in the
nanofluid. After sonication is completed the nanofluid is immediately filled into the latex making
sure there is no vacuum, then this latex is placed in the holder of the Zetasizer and the analysis is
carried out and the data obtained is converted into particle size distribution.
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Figure 6: Zetasizer Nano NS.
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3.5 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry is a thermal analysis technique used to see how material’s
thermal properties change with the change in temperature. Perkin Elmer DSC 7 at NIU Mechanical
Engineering Department is used for the thermal analysis in our research work. Sample and
reference are maintained over the same temperature range; a difference in heat required to raise
the temperature of the reference and sample is taken as a function of the temperature, thus the
thermal properties of the nanocapsules undergoing phase change are investigated with the change
in heat flows.
3.5.1 Thermal Analysis Program
Figure 7 shows the Perkin Elmer DSC7 with TAC controller used for thermal analysis for this
research. The DSC program used for thermal analysis on the nanocapsules is:
1. Holding at 5oC for 10 min
2. Heating from 5oC to 90oC at 5°C/min
3. Holding at 90oC for 10 mins
4. Cooling from 90oC to 5oC at 5oC/min
5. Holding at 5oC for 10 mins
Repeat the steps 1 to 5 two more times, which removes the uncertainty in the heat flow values
thus reducing the errors.
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Figure 7: Perkin Elmer DSC 7.

CHAPTER: 4
RESULTS AND DISCUSSION
4.1 Scanning Electron Microscope (SEM)
Figure 8 shows the SEM images of the as-prepared nanocapsules; they give the
morphology and microstructure details of the samples. The results indicated that the ratio of PA
and TEOS influences the morphology of the nanocapsules. The images of samples S-2 (10 g of
palmitic acid and 9.4 g of TEOS) and S-4 (10 g of palmitic acid and 18.8 g of TEOS) show that
the nanocapsules are spherical and homogeneous particle sizes. The samples S-6 (10 g of palmitic
acid and 37.6 g of TEOS) and S-8 (10 g of palmitic acid and 56.4 g of TEOS) contains relatively
more silica in the nanocapsules. The SEM images of these sample’s presence of more TEOS led
to a non-uniform formation of nanocapsules. In the sol-gel process, the formation of nanocapsules
is dependent on the amount of emulsifier used in the process. In our preparation, all the parameters
are kept constant except the PA/TEOS ratio; this resulted in the non-uniform formation of the
nanocapsules for samples S-6 and S-8.
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Sample: S-2

Sample: S-6

Figure 8: SEM images of the nanocapsules.

Sample: S-4

Sample: S-8
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4.2 Transmission Electron Microscopy (TEM):
Figure 9 shows the TEM images of the samples S-4 and S-6. Sample S-4 showed a clear
core and shell for the nanocapsule with an overall diameter of 530 nm, a core diameter of 494 nm
and shell thickness of 18 nm. While the sample S-6 does not have a clear shell and core presence
in the sample, but the DSC results showed that there is presence of the palmitic acid which
indicates that there is no proper encapsulation. This might be a case of a premicellar orientation of
the surfactant which led to improper encapsulation. Premicellar orientation occurs when the
concentration of the surfactant is less than the critical micelle concentration. In the process used
for this preparation of the nanocapsules, the critical micelle concentration of SDS is 8.2 mmol,
whereas the concentration used is 6.0 mmol, which might have led to premicellar orientation and
resulting in no encapsulation. For samples S-2 to S-8 with increased amount of shell, there is a
possible disturbance for the encapsulation process with premicellar orientation being an added
factor.
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Sample: S-4

Sample: S-6
Sample: S-6

Figure 9: TEM images of the nanocapsules.

Sample: S-4

Sample: S-6
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4.3 Fourier Transform Infrared Spectroscopy (FTIR):
FTIR spectra of the as-prepared nanocapsules are presented in Figure 10. The figure shows
the spectra of nanocapsules (S-2 to S-8), SiO2(shell material), palmitic acid (S-0). It is observed
that the spectra of the nanocapsules are similar and there is an effect of silica and palmitic acid.

Figure 10: FTIR spectrum of PA, nanocapsules, and SiO2.
The peak of silica spectra at 3426.8 cm-1 signifies the stretching vibration of Si-OH
functional group; peak at 1105.01 cm-1 characterizes the asymmetric stretching of a Si-O bond.
The peaks at 796.4 cm-1, 474.4 cm-1 signify the bending vibration of the Si-O bond group. The
peak at 1633.4 cm-1 characterizes the stretching vibrations of -OH functional group in H2O present
as humidity in the sample.
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The S-0 represents the spectrum of pure palmitic acid, the peaks at 2920 cm-1 and
2850 cm-1 correspond to the -CH2 asymmetric C-H bond stretching and 2850 cm-1 signifies
symmetric C-H bond stretching in PA. The peak at 1700 cm-1 characterizes the C=O stretching
vibration. The peak at 1470 cm-1 characterizes the asymmetric stretching of C-H bond in -CH3.
The peaks at 1470 cm-1 and 1370 cm-1 signify the asymmetrical and symmetrical C-H bending
vibration peaks of -CH3 in PA. The peaks at 1460 cm-1, 1310 cm-1, 1290 cm-1, 727 cm-1,
characterize the vibration bands of -CH2 scissoring, wagging, twisting, and rocking respectively.
The peaks at 1430 cm-1 and 939 cm-1 correspond to inplane and out-of-plane bending of C-O-H
respectively and peak at 1240 cm-1 characterizes C-O stretching in the palmitic acid.
The FTIR spectrums of the as-prepared samples (S2-S8) are shown in Figure 10. The peaks
at 3465.45 cm-1 3446.17 cm-1, 3436.5 cm-1, 3405.6 cm-1 correspond to Si-OH functional group
stretching of the samples (S2-S8) and peaks 1095.36 cm-1, 1103.1 cm-1, 1105 cm-1, and 1105 cm-1
characterize the Si-O-Si asymmetric stretching of the samples (S2-S8). This refers to the presence
of SiO2 as a shell. The peaks at 2954.4 cm-1 for the samples corresponds to symmetric stretching
of C-H bond of -CH3 group in PA; the peaks at 2915.8 cm-1 and 2848.3 cm-1 for the samples
characterize the asymmetric and symmetric stretching of C-H bond of -CH2 group in PA
respectively. The peak at 1469.5 cm-1 signifies asymmetric C-H bending in -CH3; the peaks at
1384.6 cm-1 (S2, S4) and 1382.7 cm-1(S6, S8) corresponds to the and symmetric C-H bending in
-CH3 and the peaks at 717.4 cm-1, 719.3 cm-1, 719.3 cm-1 and 721.2 cm-1 represents the -CH2
rocking in PA. The peaks at 954.6 cm-1, 954.5 cm-1, 948.8 cm-1 and 941.1 cm-1 characterizes
vibration peaks of out-of-plane bending of C-O-H for the samples. The peaks at 1415.5 cm-1,
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1401.9 cm-1, 1438.6 cm-1, and 1421.3 cm-1 characterize the in-plane bending of C-O-H. The peaks
at 1712.5 cm-1, 1708.6 cm-1, 1718.2 cm-1 and 1718.2 cm-1 characterize the vibration peak of the
C=O bond in the samples. The peak at 1635.3 cm-1 correspond to the vibration peak of H-O-H
bending for the water trapped in nanocapsules as humidity. In the S-2 spectrum, there is a new
peak at 1554.3 cm-1 which provides an evidence for the chemical interaction between the core and
shell.
4.4 Zetasizer:
Particle size distribution is obtained for the nanocapsules using Zetasizer Nano NS. In
Figure 11, the graphs show the distribution of nanocapsules for samples S-2 to S-8. As we move
from Sample S-2 to S-8, with an increase in the relative amount of shell in the nanocapsules there
is a shift in particle size distribution from nanoscale to microscale. The microscale sizes observed
in the size distribution graphs can be attributed to the agglomeration of the nanocapsules in the
base fluid. SEM images of the nanocapsules give the evidence to show the particles are not in
microscale. The distribution shown in the last image is of sample S-2 two-particle diameter
measurements of sizes 330.2 ± 150.0 nm and 1826 ±816.5 nm; the smaller of the two diameters
could be a set of possible pure SiO2 nanoparticles. For sample S-4 two distinct particle diameters
769.6 ± 232.1 nm, 5182 ± 484.3 nm are observed; one indistinct particle diameter of 1831 ± 1162
nm is observed in sample S-6. Sample S-8 shows one distinct diameter measurement of size 2051
± 1103 nm and the second indistinct particle diameter can be attributed to the possible presence of
pure SiO2 nanoparticles of size 474.4 nm.
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Sample: S-2

Sample: S-6

Figure 11: Particle size distribution of the nanocapsules.

Sample: S-4

Sample: S-8
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4.5 Differential Scanning Calorimetry Analysis (DSC):
The phase change curves (i.e., the DSC curves of the prepared samples) are presented in
the Figure 12 and the Table 2 displays the latent heat data and phase change temperatures of the
nanocapsules undergoing phase change. A sample of 5 mg is taken from 5oC to 90oC and from
90oC to 5oC at a rate of 5oC /min and the thermodynamic properties temperatures and latent heats
are investigated. The table shows melting (Tm), freezing temperatures (Tc), latent of melting (Hm)
and latent heat of crystallization (Hc), of the phase change material (S-0, PA) and the prepared
samples (S-2 to S-8). There is a shift in melting and freezing temperatures as compared to the
original PA in the melting process and crystallization process. This trend is followed by all the
samples except for sample S-4. The latent heat values of the samples reduced compared to PA due
to encapsulation; there is a reduced trend in latent heat values from samples S-2 to S-8 except for
sample S-6. This trend can be attributed to increased relative amount of the core amount in the
nanocapsule leading to decrease in latent heat values. There is more than one peak for the phase
change of the nanocapsules, which can be attributed to the different crystalline behavior of the PA
in the shell.
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Heating Curve:

Cooling Curve:

Melting

Freezing

Figure 12: Phase change curves of PA and samples.
Table 2: Phase Change Data of the Nanocapsules
Melting

Freezing

Tonset

Tpeak,max Tpeak,sec

∆Hm

Tonset

Tpeak,max Tpeak,sec

∆Hc

(oC)

(oC)

(oC)

(kJ/kg)

(oC)

(oC)

(oC)

(kJ/kg)

S-0

61.02

64.09

0

211.95

58.61

56.46

0

212.05

S-2

59.13

61.85

69.46

60.98

56.18

52.18

47.04

63.53

S-4

70.39

75.29

72.24

47.48

61.86

59.15

47.87

47.61

S-6

59.18

61.74

68.59

21.05

55.25

52.15

42.24

22.67

S-8

60.72

66.98

69.26

35.19

53.93

51.09

50.65

38.67

Sample
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The two important factors in studying the thermal properties of encapsulated phase change
materials are encapsulation ratio and encapsulation efficiency as given by the below equations.
Encapsulation ratio gives the effective encapsulation of the PCM, while encapsulation efficiency
gives the effective performance of the encapsulated PCM.

1. Encapsulation Ratio (R) [2], [9]:
R=

∆Hm,nepcm
×100
∆Hm,pcm

2. Encapsulation Efficiency (E) [3], [9]:
E=

∆Hm,nepcm + ∆Hc,nepcm
×100
∆Hm,pcm + ∆Hc,pcm

∆Hm,pcm = Enthalpy of Melting PCM
∆Hc,pcm = Enthalpy of Crystallization PCM
∆Hm,nepcm = Enthalpy of Melting NEPCM
∆Hc,nepcm = Enthalpy of Crystallization NEPCM

Table 3 shows the data of encapsulation ratios and efficiencies for the as-prepared samples
(S-0 to S-8). As we move from S-0 to S-8, except for S-6, there is a decrease in R and E. This
means that an increase in the relative amount of shell in the nanocapsule led to decrease in effective
encapsulation and effective performance of the nanocapsules.
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Table 3: Encapsulation ratios and efficiencies of the nanocapsules
Sample

Encapsulation Ratio (R)

Encapsulation Efficiency (E)

S-0

0

0

S-2

28.770

29.365

S-4

22.404

22.428

S-6

9.932

10.313

S-8

16.605

17.420

CONCLUSION
•

Synthesis
•

Synthesized nanocapsules with different core-to-shell ratios increased relative
amount of the shell in the sample.

•

Morphology
•

With the increase in relative amount of shell, there is an increase in the size of the
nanocapsules.

•

In samples S-2 and S-4, nanocapsules were spherical while S-6 and S-8 were nonuniform.

•

S-4 has a clear shell, but sample S-6 does not appear to have a shell, which may be
an effect of premicellar behavior.

•

Chemical Composition
•

IR spectra of the samples showed that the shell restricts the vibrations of the methyl
and carboxyl groups of the palmitic acid.

•

Thermodynamic Analysis
•

As the relative amount of shell in the sample increased, there is a decreasing trend
in latent heat values, encapsulation ratio, and efficiency.

•

There is possible crystallization of core material during phase change.
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